U4/U6.U5 tri-snRNP is a 1.5-megadalton pre-assembled spliceosomal complex comprising U5 small nuclear RNA (snRNA), extensively base-paired U4/U6 snRNAs and more than 30 proteins, including the key components Prp8, Brr2 and Snu114. The tri-snRNP combines with a precursor messenger RNA substrate bound to U1 and U2 small nuclear ribonucleoprotein particles (snRNPs), and transforms into a catalytically active spliceosome after extensive compositional and conformational changes triggered by unwinding of the U4 and U6 (U4/U6) snRNAs. Here we use cryo-electron microscopy single-particle reconstruction of Saccharomyces cerevisiae tri-snRNP at 5.9 Å resolution to reveal the essentially complete organization of its RNA and protein components. The single-stranded region of U4 snRNA between its 39 stem-loop and the U4/U6 snRNA stem I is loaded into the Brr2 helicase active site ready for unwinding. Snu114 and the amino-terminal domain of Prp8 position U5 snRNA to insert its loop I, which aligns the exons for splicing, into the Prp8 active site cavity. The structure provides crucial insights into the activation process and the active site of the spliceosome.
The protein-coding sequences of most eukaryotic genes are interrupted by non-coding segments called introns. Introns are removed from precursor mRNAs (pre-mRNAs) and the flanking coding segments (exons) are spliced together to form mRNAs by two successive trans-esterification reactions within a dynamic multi-megadalton protein-RNA complex known as the spliceosome. This complex comprises five canonical subunits, namely U1, U2, U4, U5 and U6 snRNPs, and numerous non-snRNP factors 1 . Each snRNP contains an snRNA, seven Sm or LSm proteins, and a number of snRNPspecific proteins. During the initial stages of spliceosome assembly, U1 and U2 snRNPs recognize the pre-mRNA 59 splice site and branch point, forming pre-spliceosomal A complex. The subsequent binding of the pre-assembled U4/U6.U5 tri-snRNP allows formation of the fully assembled spliceosomal B complex, which is converted to the catalytically active B* complex through extensive structural and compositional remodelling. During this process, U4 and U6 snRNAs, which are extensively base-paired in tri-snRNP, are unwound, U1 and U4 snRNPs are released, and many new proteins join the spliceosome [1] [2] [3] . This leads to the formation of a highly structured RNA network between U2, U5 and U6 snRNAs and the 59 splice site and branch point sequences in the pre-mRNA. The extensively base-paired U2-U6 snRNAs harbour catalytic magnesium ions 4 and position the branch point and 59 splice site for the first trans-esterification reaction, which produces exon 1 and lariat intron-exon 2 intermediates. Further remodelling to C complex enables U5 snRNA loop I to align exons 1 and 2 for nucleophilic attack of exon 1 at the 39 splice site, yielding spliced mRNA and lariat intron products 5, 6 . Finally, the spliceosome is disassembled before the next round of splicing. U4/U6.U5 tri-snRNP is the largest pre-assembled spliceosomal complex, containing U5 snRNA, extensively base-paired U4/U6 snRNAs and over 30 proteins 7, 8 (Extended Data Table 1 ). Three key proteins, Prp8, Brr2 and Snu114, have crucial roles in activation of the spliceosome and formation of the active site 1 . Prp8 forms crosslinks with 4-thiouridine introduced at key positions within U5 and U6 snRNAs and the substrate pre-mRNA, showing that Prp8 is involved in substrate positioning and closely associated with the catalytic RNA core 9, 10 . Brr2 helicase, the activity of which is regulated by the GTPase Snu114 (refs 11-13) , catalyses the unwinding of the U4/U6 snRNA duplex 14, 15 . Interactions between tri-snRNP proteins have been investigated by yeast two-hybrid and in vitro binding assays 16, 17 . Electron cryo-microscopy (cryoEM) reconstruction of crosslinked human tri-snRNP at 21 Å resolution revealed a tetrahedral overall shape with no clear domain separation 18 . Negative stain microscopy of crosslinked yeast tri-snRNP revealed a triangular shape with maximum dimension of 30-34 nm (ref. 19) . The highly biased orientation of tri-snRNP on carbon films precluded full three-dimensional analysis while the projection structure revealed three extruding domains termed head, foot and arm; the arm domain adopts variable positions with respect to the rest. Some key proteins were localized within the projection structure using genetically introduced tags 19 . Brr2 and U4/U6 snRNP were attributed to the head and arm domains, respectively. On the basis of this, it was proposed that Brr2 may engage with U4/U6 snRNAs for unwinding when Snu114-mapped in the hinge region-brings the arm and head domains closer 19 .
The development of high-speed direct electron detectors 20,21 and powerful maximum likelihood algorithms for classification and particle alignment 22 have made it possible to determine the structure of macromolecular assemblies at near-atomic resolution by cryoEM 23 . By applying these new methods we obtained a map of native unstained yeast tri-snRNP at an overall resolution of 5.9 Å in which protein a-helices and RNA double helices are readily discernible. This enabled us to fit the double-stranded helices of U5 snRNA and U4/U6 snRNAs as well as previously determined crystal structures or homology models of nearly all the proteins. The structure accounts for a wealth of biochemical and genetic data from yeast and human spliceosomes, and suggests a possible mechanism for B complex formation and the activation of the spliceosome.
CryoEM of the tri-snRNP complex U4/U6.U5 tri-snRNP was purified from yeast by a gentle procedure without crosslinking, and the sample was subjected to cryoEM analyses (Methods and Extended Data Fig. 1 ). Using a combination of statistical classification and movie processing 22, 24 (Extended Data Fig. 2 ), we obtained a density map with an overall resolution of 5.9 Å by the 'gold standard' Fourier shell correlation (FSC) 5 0.143 criterion 25 with local resolution ranging from 5.0 Å to 20 Å (Extended Data Fig. 3 and 4 ; Methods). The map revealed clear densities for double-stranded RNA, with protein helices appearing as long tubes and b-sheets as flat densities (Supplementary Video 1). The density for the LSm proteins in the flexible arm domain became clearer after using a new multi-body refinement method (Methods and Extended Data Fig. 3 ).
Overall structure
Yeast U4/U6.U5 tri-snRNP has an overall Y-shape with a maximum dimension of approximately 300 Å (Fig. 1) . The large domain of Prp8 (residues 885-1,824), consisting of the reverse transcriptase-like (RT), linker and type II endonuclease-like domains 10 , is located near the centre of the assembly and its crystal structure was fitted into the map as a rigid body 10 ( Fig. 2 and Extended Data Fig. 5a ). The orientation of the RNaseH-like domain with respect to the large domain is inverted in tri-snRNP as compared with the Prp8-Aar2 complex 10 (Fig. 2d ). Three segments of clear double-stranded RNA density extending from Prp8 to the foot domain are assigned to co-axially stacked stems I and II, variable stem-loop and stem III of U5 snRNA ( Fig. 3 ; Extended Data Fig. 6 ) connected to the U5 Sm core (Extended Data Fig. 5e ). Snu114 shows a significant sequence similarity to eukaryotic translation elongation factor 2 (EF2) 11, 26 comprising domains I-V ( Fig. 4 and Extended Data Figs 5c and 7). Homology models of each domain of Snu114 (residues 120-1,008) were fitted individually into the density adjacent to Prp8 and U5 snRNA, revealing a contact between domain III of Snu114 and the RT domain of Prp8 (Fig. 4) . The structure of the N-terminal 884 residues of Prp8 is still unknown. The N-terminal helix of the RT domain of Prp8 (RTa1) 10 extends further in tri-snRNP towards a bundle of four long helices. Another cluster of long helices, which makes close contact with the co-axially stacked stems I and II of U5 snRNA, is found in the vicinity ( Fig. 3b and Extended Data Fig. 6c ). The region containing residues 420-542 of Prp8 is known to interact with the N-terminal half of Snu114 (ref. 27) , and 4-thiouridine introduced at C79 of U5 snRNA crosslinks with both Prp8 and Snu114 (ref. 28 ), suggesting that the density adjacent to Snu114 and U5 snRNA is part of the Prp8 N terminus. At the tip of stem I the density assigned to the U5 loop I extends towards the RT thumb/X domain of Prp8 and makes close contact with a thioredoxin-like fold of Dib1 ( (ref. 29) . This is in good agreement with the fact that a 16-kDa protein is crosslinked to 4-thiouridine incorporated at U97 in the U5 snRNA loop I (ref. 28 ). The binding of Dib1 is further stabilized by the N-terminal helices of Prp8 ( Fig. 2c ). Brr2 forms a stable complex with the Jab1/MPN domain of Prp8 (refs 30-32), and its characteristic shape was recognized in the less-ordered head domain (Figs 1 and 5 and Extended Data Fig. 5b ). Although this part of the map is lower in resolution, the individual domains of yeast Brr2 were fitted into the density together with the Jab1/MPN domain 31 . This revealed a widening of the gap between the two RecA domains of the N-terminal cassette (Fig. 5c ). Co-axially stacked stems I and II of U4/U6 snRNAs and the 59 stem-loop of 
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U4 snRNA branching from the three-way junction are unambiguously identified near the N-terminal helicase cassette of Brr2 and Prp8 (Figs 1 and 3 and Extended Data Fig. 6 ). Snu13 and the Nop domain of Prp31 bind to the kink-turn at the tip of the U4 snRNA 59 stem-loop 33 . Initially the crystal structures of Snu13 and Prp31 were fitted individually around the kink-turn but the density clearly showed that the coiled-coil domain of Prp31 is rotated by approximately 60u with respect to the Nop domain in tri-snRNP ( Fig. 1 and Extended Data Fig. 5g ). The four-helix bundle of the coiled-coil domain is in contact with the RT domain of Prp8 ( Fig. 1 ). Furthermore, Prp31 used for crystallization was a truncated form 33 and in our map clear a-helical density extends from both N and C termini (Extended Data Fig. 5g ). The C-terminal helix extends from the 59 stem-loop to the three-way junction, in agreement with previous foot-printing experiments 34 (Fig. 1a ). Prp4 contains seven WD repeats at the C terminus 35 and its characteristic seven-bladed b-propeller domain is packed against Snu13 and the junction between the Nop and coiled-coil domain of Prp31 ( Fig. 1 and 5 and Extended Data Fig. 5j ). Four additional a-helices, probably belonging to the N terminus of Prp4, were built into the rod-like density on top of the b-propeller. Prp3 is predicted to have a ferredoxin-like domain at its C terminus 36 and interacts with Prp4 and U4/U6 stem II (ref. 37 ).
Density sandwiched between the Prp4 WD40 domain and U4/U6 stem II, two long helices lying along U4/U6 stem II and a number of connected helices nearby probably belong to Prp3 ( Fig. 1 and Extended Data Fig. 5i ). The U4 core domain is wedged between the tandem helicase cassettes of Brr2 (Figs 1a, c and 5b and Extended Data Fig. 6a ). The 39 stem-loop of U4 snRNA contacts the helixloop-helix domain of the N-terminal helicase cassette ( Fig. 5b ), which contains several lysine/arginine residues close to the RNA backbone of the 39 stem-loop of U4 snRNA. On the basis of the previous labelling data 19 , U6 LSm proteins are fitted into the flexible arm region in the multi-body refined map ( Fig. 1a and Extended Data Figs 3c and 5l). A striking elongated curved a-solenoid density bridging the RNaseH-like domain of Prp8 and the WD40 domain of Prp4 is assigned to the tetratricopeptide (TPR) motifs of Prp6 (Fig. 1b, c and Extended Data Fig. 5d ). Prp6 is required for the accumulation of tri-snRNP 38 and is proposed to act as a bridge between U5 and U4/U6 snRNPs 16, 39 . Prp6 contains up to 19 predicted TPR motifs, each comprising a helix-loop-helix motif 39 and 37 connected idealized polyalanine helices were built into the map. Nine canonical tandem TPR motifs at the C terminus of the protein form a highly curved a-helical solenoid-like structure, which contacts Snu13, U4 snRNA 59stem-loop and the Prp4 WD40 domain in tri-snRNP ( Fig. 1b, c) . This is consistent with the fact that antibodies against the C-terminal fragment of human Prp6 immunoprecipitate U5 snRNP but not tri-snRNP, as the C-terminal domain in our structure is in close contact with U4/U6 snRNP, which presumably occludes the epitope 39 .
Central role of Prp8 in tri-snRNP assembly
Our single-particle cryoEM reconstruction of yeast U4/U6.U5 tri-snRNP has revealed a nearly complete organization of its RNA and protein components, although some densities remain unassigned, and Snu66, Snu23, Prp38 and possibly sub-stoichiometric Spp381 are yet to be located (Extended Data Table 1 and Extended Data Figs 4f and 8d, e). Prp8 positioned at the centre of the assembly functions as a hub of protein-protein and protein-RNA interactions, holding the whole assembly together (Figs 1 and 2b) . In yeast, a stable Prp8-Snu114-Aar2-U5 core domain complex is imported into the nucleus 40 , where Brr2 replaces Aar2. The Jab1/MPN and RNaseH-like domains, held tightly onto the Prp8 large domain by Aar2 ( Fig. 2d ), are released in tri-snRNP wherein the Jab1/MPN domain forms a stable complex with Brr2 as in the crystal structure 31, 32 (Figs 1b and 2b and Extended Data Fig. 5b ). The tri-snRNP structure provides the first glimpse of the interaction between Snu114, the U5 core domain and the N-terminal domain of Prp8 which holds the co-axially stacked stems I and II, and variable stem-loop of U5 snRNA ( Fig. 3 ). On the opposite side of Prp8, Snu13 and Prp31 firmly bound to 59 stem-loop of U4 snRNA 33 , the U4 Sm protein assembly, the Brr2-Jab1/MPN domain complex, the Prp3-Prp4 complex, the RNaseH domain of Prp8, and the U4/U6 snRNA duplex assemble together (Figs 1 and 2 ).
Prp8 has a surface on which are exposed the 59 splice-site-binding ACAGAGA sequence of U6 snRNA, the U6 sequences which pair with U2 snRNA, and U5 snRNA loop I which interacts with exon 1 and exon 2. This surface is partly occluded by a highly conserved protein, Dib1 (Figs 2c and 6), suggesting its potential role in regulating the incorporation of RNA components into the active site cavity during spliceosome assembly and activation. When U4 and U6 snRNAs are unwound, releasing U4 snRNA together with Snu13, Prp31, Prp3 and Prp4 (ref.
3) from the spliceosome, Brr2 stably bound to the Jab1/MPN domain of Prp8 is no longer held in place and could be repositioned during catalysis and spliceosome disassembly ( Fig. 5 and Extended Data Fig. 8d ).
Brr2 mode of action during activation
The unwinding of the U4/U6 snRNA duplex is an essential step in spliceosomal activation and is catalysed by Brr2 (refs 14, 15 other Ski2-like helicases, Brr2 unwinds any RNA duplex with 39 overhangs 41 . The U4/U6 snRNA duplex has 39 overhangs on both ends ( Fig. 3a and Extended Data Fig. 6a ) and it has been suggested that Brr2 binds to the single-stranded region of U4 snRNA and translocates along U4 snRNA 41, 42 . Our structure shows that Brr2 is pre-loaded onto the single-stranded region between U4 snRNA 39 stem-loop and stem I of the U4/U6 duplex, showing definitively that it translocates along U4 snRNA. The gap between the two RecA domains is widened in tri-snRNP, and the prominent separator b-hairpin is located adjacent to stem I of the U4/U6 snRNA duplex (Fig. 5b, c) . Our purified U4/U6.U5 tri-snRNP disintegrates upon addition of ATP regardless of the presence of GTP or GDP but remains intact after addition of ADP or AMPPNP, a non-hydrolysable ATP analogue (Extended Data Fig. 8 ). This shows that Brr2 is in an active state in our purified U4/U6.U5 tri-snRNP, in perfect agreement with the structure. In vitro the RNaseH domain binds to the forked region of the U4/U6 snRNA duplex adjacent to stem I and inhibits Brr2 binding to the substrate RNA 41 . In tri-snRNP the RNaseH domain fails to prevent substrate loading onto Brr2 or unwinding. The helix-loophelix domain of the Brr2 N-terminal helicase cassette interacts with the 39 stem-loop of U4 snRNA, and this interaction may be important for positioning U4 snRNA in the Brr2 active site 41, 42 . Because of the limited resolution we cannot model the single-stranded region of U4 snRNA de novo. However, when we superpose the N-terminal helicase cassette of Brr2 onto the Hel308 structure with partially unwound DNA duplex 43 , ten nucleotides of the substrate DNA coincide with the extra density in the Brr2 active site and six additional nucleotides can be accommodated in the density extending further to the 59 end of the U4 snRNA 39 stem-loop ( Fig. 5b ).
Role of Snu114 in spliceosome activation
Snu114 shows substantial sequence similarity to EF2 ( Fig. 4 and Extended Data Fig. 7 ), suggesting that it might induce conformational change in the spliceosome upon GTP binding or hydrolysis and regulate spliceosomal activation [11] [12] [13] . EF-G, the bacterial counterpart of EF2, enters the ribosome in the GTP-bound form. Its GTPase is activated when switch regions I and II are remodelled upon interacting with the sarcin-ricin loop of 23S rRNA 44 (Fig. 4e ) and GTP hydrolysis leads to translocation 45 . The activation process of the spliceosome has not been dissected in detail and it is not known at what stage GTP is hydrolysed or how Snu114 GTPase is activated. Snu114 and EF2 share highly similar switch I and II sequences, including the critical His residue, which in EF-G places a water molecule adjacent to the c-phosphate. Unassigned density connecting the junction between stems I and II of U5 snRNA and the switch I and II loops coincides with the position of the sarcin-ricin loop (Fig. 4d ). This is likely to be the N-terminal domain of Prp8, which may have a role in the activation of GTP hydrolysis. Before the unwinding of the U4/U6 duplex, the 59 splice site sequence pairs with the ACAGAGA sequence in U6 snRNA 2 . The U4-cs1 cold-sensitive mutation, which extends U4/U6 stem I at the restrictive temperature and sequesters the ACAGAGA box from the 59 splice site, stalls the spliceosome before unwinding 46 (Extended Data Fig. 6a ). A suppressor of U4-cs1 has a duplication of the ACAGA sequence in U6 snRNA 47 . This shows that pairing of the ACAGAGA sequence with the 59 splice site is a checkpoint to ensure proper assembly of complex B before the unwinding of the U4/U6 snRNA duplex. Notably, suppressors of U4-cs1 in Prp8 form three clusters on the surface of the large domain of Prp8 ( Fig. 6a and Extended Data Table 2) 10 . In tri-snRNP, one of these clusters is located at the interface between the RT domain and domain III of Snu114, and another is at the interface with Prp31 and the junction between the RT and N-terminal domains of Prp8, showing that this checkpoint can be bypassed when these subunit interfaces are tampered with (Fig. 6a ). This suggests that the interactions between these components undergo allosteric changes, which possibly couple the guanine-nucleotide binding state of Snu114 and the pairing between 59 splice site and the ACAGAGA sequence to the activation of the U4/U6 duplex unwinding. Understanding the activation process will require extensive interplay between structural and biochemical work-the tri-snRNP structure provides an important structural framework for further investigation of this process.
The structural resemblance between the group II intron active site 48 and the catalytic RNA core of the spliceosome 4,49 endorsed the hypothesis that they evolved from a common ancestor 50 . On the basis of the similarity of the domain architecture between the group II intron encoded protein (IEP) and Prp8, we proposed that Prp8 evolved from IEP and recruited more domains and interacting proteins to assemble spliceosomal snRNAs 10 , which derived from fragmented group II intron 50 . We placed the catalytic core of group II intron RNA in the tri-snRNP structure by superimposing its exon binding stem-loop 48 onto stem I of U5 snRNA. The group II intron catalytic core fits neatly into the active site cavity after removal of Dib1, which is absent from activated spliceosomes (Fig. 6b) , and with small rearrangement it can make contacts with the thumb/linker region of Prp8, which crosslinks with the catalytic RNA core in the spliceosome 9, 10 . The structure of tri-snRNP clearly illustrates how the Prp8 domains and other spliceosomal proteins come together to assemble snRNAs and insert their functional segments into the active site cavity of the spliceosome 10 . Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS

Statistics.
No statistical methods were used to predetermine sample size. Brr2-TAPS tagging for yeast U4/U6.U5 tri-snRNP purification. Primers specific for 55 nucleotides of the C terminus and 39 UTR of BRR2 were used to PCR-amplify the TAPS-tag cassette together with the KanMX6 gene from pFA6a-TAPS-kanMX6, a modified version of pFA6a-TAP-kanMX6 in which the calmodulin-binding peptide tag is replaced by two tandem copies of the StrepII tag 51 2 , 0.1% NP40, 5 mM desthiobiotin). The eluate was subsequently applied to a 10-30% v/v glycerol gradient centrifuged at 210,000g at 4uC in a SWTi60 rotor. The fractions from the gradient were analysed by SDS-PAGE for protein composition. Glycerol was removed from the peak fractions containing tri-snRNP by dialysis against B150 buffer (20 mM HEPES KOH pH 7.9, 150 mM KCl, 1 mM Mg(OAc) 2 ) before EM sample preparation (Extended Data Fig. 1a and 1b) . Electron microscopy. For cryo-EM analysis, 3.5 ml of the tri-snRNP sample was applied to Quantifoil R2/2 or R1.2/1.3 grids which were previously coated with a 6-nm-thick layer of homemade carbon film and glow-discharged (Extended Data Fig. 1c ). The grids were blotted for 2 s at 4uC and plunged into liquid ethane using an FEI Vitrobot MKIII. The grids were loaded onto a Tecnai F30 Polara transmission electron microscope operated at 300 kV. Images were collected manually in low-dose mode at a calibrated magnification of 79,0963. The micrographs were recorded on either a Falcon II or a (ultra back-thinned) Falcon III detector at the same calibrated pixel size of 1.77 Å in movie mode at 17 frames s 21 . A total dose of 40e Å 22 over 2.5 s, and a defocus range of 2-4 mm were used. Data processing. Most steps of data processing were performed in RELION 22 unless otherwise stated. The 42 movie frames for each micrograph were corrected for whole-image drift using MOTIONCORR 21 , and contrast transfer function (CTF) parameters were estimated from the resulting micrographs using CTFFIND3 and CTFFIND4 (ref. 52) . A subset of 5,000 particles was picked manually and extracted with a 280 2 pixel box, followed by reference-free 2D classification to obtain initial 2D class averages, which were then used as references for automatic particle picking. Particles resulting from the first round of automatic picking were extracted with a 280 2 pixel box for reference-free 2D classification to obtain better references for the next round of automatic particle picking. All particles from the second round of automatic particle picking were manually checked before extracting them for reference-free 2D classification (Extended Data Fig. 1d, e ). Prior to both autopicking runs, the templates were low-pass filtered to 20 Å to prevent high-resolution noise bias. A total of 347,241 particles from 2,035 micrographs were selected from good 2D classes, and these particles were used for subsequent 3D processing (Extended Data Fig. 2) . A subset of 18,000 particles from only the best 2D classes of one of the data sets was used for ab initio 3D reconstruction by SIMPLE-PRIME 53 to obtain an initial model of the complex, which was low-pass filtered to 60 Å for 3D classification. 3D classification with four classes was run for 25 iterations, using an angular sampling of 7.5u and a regularization parameter T of 4. This resulted in two classes with much better reconstructed features than the others. These classes were combined into a subset of 179,079 particles. Auto-refinement of these particles resulted in a 7.6 Å reconstruction. These particles were subsequently used for particle-based beam-induced movement correction. For these calculations, we only used the first 30 frames of each micrograph with running averages of seven frames and a standard deviation of 1 pixel for translational alignments. We used the new 'particle-polishing' approach, which fits linear tracks through the optimal translations for all running averages and takes into account the movements of neighbouring particles on the micrographs, to further improve the accuracy of the particle-based movement corrections 24 . The B-factors for the resolution and dose-dependent model for radiation damage were estimated using reconstructions from running averages of three frames.
Auto-refinement of the movement-corrected particles with a soft mask (with 12-pixel fall-off) around the entire map resulted in a map at 6.4 Å resolution while refinement with a similar soft mask around the more rigid part resulted in a map at 5.9 Å resolution (Extended Data Fig. 2 and 3a) . The 5.9 Å map was used for interpretation. Our map was also validated by a tilt-pair test (Extended Data Fig.  3d ). Local resolution analysis showed a wide range of resolution from 5.0 Å to 20 Å (Extended Data Fig. 4a ), indicating flexibility within some parts of the structure. Further 3D classification with a finer angular sampling interval of 1.8u and local angular search range of 10u revealed conformational heterogeneity of the head, body and foot domains of the structure and did not improve the overall resolution of the map (Extended Data Fig. 2 ).
We used a modified refinement approach in RELION, which we term 'multibody refinement', to improve the density for the flexible arm domain (Extended Data Fig. 3b, c) . In this approach, we used masks to divide the reference map into four 'bodies', approximately corresponding to the body, head, foot and arm domains. In each iteration of the auto-refine procedure, we independently aligned every experimental particle image against projections from the four distinct bodies. To minimize errors in these alignments, before the alignment against a given body, we subtracted projections from the other three bodies from the experimental particle. Because we assume that the four bodies may adopt different relative orientations in each particle, we kept track of the most likely orientation for each of the four bodies for every particle during the course of the refinement. Thereby, subtraction of the other bodies should become ever more accurate, and this resulted in four sets of relative orientations for each particle. To express our expectation that the relative movements between the different bodies were limited, we used only local orientation searches (622.5u) in the multi-body refinement, and centred the local searches around the orientations determined for the unmasked auto-refinement mentioned above. Details of this methodology will be described elsewhere (S.H.W.S., unpublished results), and its implementation will be made available through incorporation into RELION.
All refinements used gold standard Fourier shell correlation (FSC) calculations 25 and reported resolutions are based on the FSC 5 0.143 criterion. The FSC curves are calculated using a soft spherical mask (Extended Data Fig. 4d ). Prior to visualization, all maps were corrected for the modulation transfer function of the detector and sharpened by applying a negative B-factor. Local resolution analyses. Local resolution analyses were performed by Resmap 54 and compared with those calculated by us for each protein/RNA component of the map (Extended Data Fig. 4a-c) . For the latter calculations, FSC curves are calculated using a soft spherical mask (with a 30-pixel fall-off) around each protein/RNA component of interest. Convolution effects of the masks on the FSC curves were corrected using high-resolution noise substitution 55 . Resolution was estimated at FSC 5 0.143. These calculations were performed for each of the following components: Prp8 large domain, Prp8 RNaseH domain, Prp8 Jab1/ MPN domain, Prp8 N-terminal domain, Brr2, U4 Sm with U4 snRNA 39 stemloop, U5 Sm with Sm site, Snu114, Dib1, Prp6, Prp3, Prp4, Snu13, Prp31, LSm, U5 snRNA and U4/U6 snRNA. Extended Data Fig. 4d shows some representative curves from these calculations. FSC curves of model versus map were calculated using the Xmipp package 56 and the reported resolutions were based on the FSC 5 0.25 criterion. FSC curves of model versus map were calculated for not only the entire model of all components but also different parts of the maps. The map of each modelled component was extracted from the tri-snRNP map using a soft mask (with a 5-pixel soft edge) surrounding the component. A map of each model was created by the program pdb2mrc within the EMAN package 57 . Some proteins/domains that are close together were grouped together for these calculations, including Prp8 N-terminal domain/Dib1, Brr2/Prp8-Jab1/MPN domain and Prp3/Prp4. Extended Data Fig. 4e shows some representative curves from these calculations. Model fitting and building. Locations of available X-ray or homology models were fitted initially by visual inspection of the tri-snRNP map and low-pass filtered maps (to 10 Å ) were generated for each model in Chimera followed by fit optimization in Chimera 58 . For the LSm proteins that are in the flexible arm region, the map resulting from multi-body refinement (Extended Data Fig. 3c and 5l) was used for fitting. Further rigid-body fitting was performed in Coot 59 . The homology model for Snu114 was prepared by I-TASSER web server 60 based on the crystal structure of the yeast elongation factor 2 (ref. 26 ; PDB 1N0V) ( Fig. 4 and Extended Data Fig. 5c ). The model was manually inspected and the disordered regions were removed. The model for the ferredoxin-like domain of Prp3 is available at the Yeast Genome Center (http://www.yeastrc.org), which contains its structure predictions 61 . The model with the highest Mammoth Confidence Metric (MCM) score was selected for fitting. For Prp4, the protein sequence was input into Robetta Beta Full-chain Protein Structure (http://robetta.bakerlab.org), which ARTICLE RESEARCH yielded a model for the C-terminal part of Prp4 based on the structure of the WDR5 protein 62 (PDB 3MXX). Double-stranded RNA helices and idealized polyalanine helices were built into the masked map in Coot when possible. U4 snRNA 59 stem-loop was modelled based on the structure of the human Prp31-15.5K-U4 snRNA complex 33 (PDB 2OZB) using ModeRNA modelling tool 63 . Yeast Snu13 structure 64 (PDB 2ALE) was fitted into the map. U4 snRNA 39 stem-loop partial model was adapted from the structure of the human U4 snRNP core domain 65 (PDB 4WZJ). The short and long forms of U5 snRNA 66 are present in our sample (Extended Data Fig. 1b ) but no density for 39 stem-loop was observed, presumably because 39 stem-loop attached to the Sm site with a long single-stranded stretch is disordered or the particle population with the long U5 snRNA is classified out during classification. U5 snRNP Sm core with only the Sm site was also adapted from the human U4 snRNP core domain. The LSm proteins 67 (PDB 4M77) were placed in the low-resolution arm region of the map with the flat surface of the LSm complex facing the entrance side of U6 snRNA. The register of the LSm proteins cannot be accurately determined. Human Dib1 structure 29 (PDB 1QGV) was used for fitting. Extended Data Table 1 and Extended Data Fig. 4f summarize all the details of tri-snRNP components and modelling in our study. The active site cavity of Prp8 was described previously 10 and defined by crosslinks with crucial elements of U5 snRNA, U6 snRNA and pre-mRNA 9 and suppressors of defective splice site mutations [68] [69] [70] [71] [72] [73] [74] . U4-cs1 mutants have been described 46, 75 . Extended Data Table 2 summarizes all the U4-cs1 mutants and their locations in tri-snRNP. Map and model visualization. Maps were visualized in Chimera 58 . Map segmentation was performed in Chimera using each of the fitted models and the 'zonemasking' function ( Fig. 1 and Extended Data Figs 5 and 6b, d) . The LSm protein density was obtained from multi-body refinement and low-pass filtered to 20 Å . For all the remaining components, the sharpened tri-snRNP map (B 5 2214 Å 2 ) lowpass filtered to 5.9 Å was used. Figures were generated using either Chimera 58 or PyMOL (http://www.pymol.org) and the video was made in Chimera 58 . ATP assays. Purified tri-snRNP from glycerol gradient (,25 nM) was incubated at 30uC for 30 min in the presence of either no nucleotide or with each of the following nucleotide combinations: ATP, ATP/GTP, ATP/GDP, ADP and AMPPNP (1 mM each). The samples (10 ml) were loaded onto a native agarose gel (0.5% in TB buffer supplemented with 1 mM MgCl 2 ) and run at 75 V at 4uC for 2.5 h. The gel was stained with ethidium bromide for 1 h before being imaged by a Syngene UV imager (Extended Data Fig. 8a ). For negative staining, the sample was also treated similarly and stained with 2% uranyl acetate before imaging on a Tecnai T12 transmission electron microscope operated at 120 kV (Extended Data Fig. 8b, c) . Figure 2 | Classification and refinement procedures used in this study. A total of 367,327 particles were subjected to reference-free 2D classification. A subset of 347,241 particles from good 2D classes was selected for 3D classification using an initial model obtained from SIMPLE-PRIME 53 , which was low-pass filtered to 60 Å . The data were divided into four 3D classes, two of which (a total of 179,079 particles) showed better features and were combined for refinement. This resulted in a 7.6 Å reconstruction. To further improve the reconstruction, these particles were subjected to beam-induced motion correction (particle polishing) 24 . Refinement of these polished particles with a soft mask around the rigid part of the map (as indicated by the red envelope) yielded a 5.9 Å reconstruction while refinement with a mask around the whole map yielded a 6.4 Å reconstruction. The polished particles were also subject to further 3D classification with a finer angular sampling of 1.8u. The most populated class (47,674 particles) , which also has the best rotational accuracy, was refined with a soft mask around the whole density. This resulted in a 7.0 Å reconstruction. In this study, the 5.9 Å reconstruction was used for subsequent biological interpretation. All steps were performed in RELION 22 unless otherwise stated.
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Extended Data Figure 3 | CryoEM maps and tilt-pair validation. a, CryoEM density of the whole tri-snRNP at 5.9 Å resolution by 'gold standard' Fourier shell correlation (FSC) of 0.143 criterion at two different contour levels. The high contour map (gold) shows well-resolved densities for protein and RNA helices and flat densities for b-sheets. The low contour map (silver) shows densities for the more flexible head and arm. The map was sharpened by a B-factor of 2214 Å 2 and low-pass filtered to 5.9 Å as determined by RELION. b, The unsharpened full map of tri-snRNP. c, The map resulting from multibody refinement, in which tri-snRNP is divided into four parts: the head, body, arm and foot. This resulted in better density for the arm domain (indicated by red circles), which is at 20 Å resolution. d, Tilt-pair validation plot for tri-snRNP. This was obtained from 1,196 particles from 32 micrograph pairs, imaged at 0u and 10u tilt angles. The position of each dot represents the direction and the amount of tilting for a particle pair in polar coordinates. Blue dots correspond to in-plane tilt transformations; red and purple dots correspond to out-of-plane tilt transformations. Blue dots cluster in the same region of the plot at a tilt angle of approximately 10u as indicated by the red circle.
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Extended Data Figure 4 | Resolution estimation of tri-snRNP map. a, Local resolution of the tri-snRNP map estimated by ResMap using the colour scheme shown in panel c. b, Local resolution of the tri-snRNP map calculated by 'gold-standard' FSC. For each component of the map that we modelled protein/RNA components, a soft mask (with a 30-pixel soft edge) surrounding the region of interest was prepared and used for FSC calculations. Convolution effects of the masks on the FSC curves were corrected using high-resolution noise substitution 55 . Resolution was estimated at FSC 5 0.143. Local resolution for the unmodelled region of the map (in red) was not estimated. c, Local resolution of model versus map. The map of each modelled component was extracted from the map using a soft mask (with a 5-pixel soft edge) surrounding the component. The model was converted into density by EMAN 57 . FSC of model versus map was calculated using Xmipp 56 . The map is coloured according to resolution estimates based on a FSC threshold of 0.25. The lower resolution estimates from the FSC of model versus map compared to the estimates from ResMap and the gold-standard FSCs are explained by the nature of our models. Because of the limited resolution of our map, we did not perform full atomic refinement, but placed known crystal structures and homology models as rigid bodies in the map. d, Gold-standard FSC curves for the whole tri-snRNP map and some of its components calculated as described in b. e, FSC curves of model versus map for the whole model and some of the components. f, The full tri-snRNP map in which portions of the structure produced from crystal structures, homology modelling and de novo building or unmodelled are coloured as indicated.
